Aims To examine the relationship between plasma levels of the acute-phase proteins ceruloplasmin, alpha-1-antitrypsin, orosomucoid, haptoglobin and C-reactive protein (CRP), and incidence of diabetes in the population-based Malmö Diet and Cancer Study-Cardiovascular Cohort (MDCS-CC).
Introduction
Diabetes, a major non-communicable disease, is one of the foremost public health and development challenges faced by the world today. The global prevalence of diabetes in 2014 was estimated to be 9 % among adults older than 18 years [1] . The World Health Organization projects that diabetes will be the seventh leading cause of death in the world by 2030 [2] . Age, obesity, physical inactivity, and family history of the disease are the major risk factors for type 2 diabetes [3] .
Chronic low-grade inflammation has also been associated with the incidence of diabetes [4] . The relationship between development of diabetes and various inflammatory proteins has been explored in several studies previously; however, the results have been inconsistent [5] [6] [7] [8] [9] . The Women's Health Study, a prospective study about the health of middle-aged women in the USA found that elevated level of C-reactive protein (CRP) and interleukin-6 (IL-6) predict development of type 2 diabetes in women [7] . Plasminogen activator inhibitor-1 (PAI-1) but not fibrinogen and CRP were found to predict type 2 diabetes in the Insulin Resistance Atherosclerosis Study, IRAS [5] . The results from the National Health and Nutrition Examination Survey (NHANES) Epidemiologic Follow-up Study in the USA showed significant association of leukocyte count with diabetes incidence among women but not in men; however, erythrocyte sedimentation rate (ESR) was not associated with diabetes [8] . In another study, individuals at high risk of type 2 diabetes, using Hemoglobin A1c (HbA1 c ) criterion, showed an unfavorable inflammatory profile of five inflammatory markers (highsensitivity hs-CRP, ESR, fibrinogen, white blood cell WBC count, and complement C3) as compared with control subjects [10] .
Various acute-phase proteins have been associated with the development of diabetes and impaired glucose tolerance. Schmidt et al. studied the association of fibrinogen, orosomucoid, haptoglobin, and alpha-1-antitrypsin in new diabetes cases. The results showed strong association of orosomucoid with incidence of diabetes even when adjusted for different confounders [11] . Another study investigated the association of high levels of a score of five acutephase proteins (fibrinogen, orosomucoid, alpha-1-antitrypsin, haptoglobin, and ceruloplasmin) with future weight gain [12] . Elevated levels of acute-phase proteins have been showed to associate with the prevalence of diabetes among overweight and obese men in the Malmö Preventive Project (MPP) [13] .
The aim of this prospective study is to investigate the relationship between plasma levels of five acute-phase proteins (CRP, ceruloplasmin, alpha-1-antitrypsin, orosomucoid, and haptoglobin) at baseline and incidence of diabetes in a population-based cohort.
Materials and methods

Study population
The Malmö Diet and Cancer cohort (MDCS) included men born between 1923 and 1945 and women born between 1923 and 1950. Recruitment was carried out between March 1991 and September 1996. Out of 74,138 participants who were invited, a total of 30,447 participants (60 % women) attended the baseline examinations [14] . A sub-cohort was obtained from the MDCS by randomly selecting participants between October 1991 and February 1994, with a primary aim of studying the epidemiology of carotid artery disease. The sub-cohort consisted of 6103 (2572 men and 3531 women) participants. Out of these, 5540 subjects agreed to give fasting blood samples for laboratory analysis [15] . Participants lacking data on acutephase proteins (n = 858) ceruloplasmin, alpha-1-antitrypsin, orosomucoid, and haptoglobin were excluded from the analysis. For the acute-phase protein CRP, 113 participants had missing data. Participants with history of diabetes (n = 192) at baseline and those with fasting whole blood glucose of C6.1 mmol/L (n = 359) were also excluded from the study, hence leaving a final study population of 4246 (see ''Appendix'' for flowchart).
Baseline examinations
The MDCS baseline measurements comprised of a selfadministered questionnaire, anthropometric measurements, and collection of blood samples [16] . Non-fasting blood samples were also drawn which were separated and stored in the biological bank at -80°C. Information on family history of diabetes, current use of anti-hypertensive or antidiabetic medications, smoking habits, leisure-time physical activity, educational level, and marital status were obtained from the questionnaire. Participants were classified into four categories regarding smoking habits: current smokers, occasional smokers, ex-smokers, and non-smokers. Low level of leisure-time physical activity was defined as the lowest quartile of a score revealed through 18 questions covering a range of activities in the four seasons [17] . The measurements of waist circumference (in cm) were carried out midway between the lowest rib margin and the iliac crest. Educational level was defined into three categories: school years \9, 9-12 and [12, respectively [14] .
Information on fasting glucose was obtained through blood samples collected after an overnight fast. Participants with fasting whole blood glucose of C6.1 mmol/l, which corresponds to a fasting plasma glucose concentration of C7.0 mmol/l, as well as those who self-reported diabetes in the questionnaire or were taking anti-diabetic medication were classified as diabetics [18] . Blood glucose and HbA1 c were analyzed from fasting blood samples by standardized procedures at the Department of Clinical Chemistry, Malmö University hospital. HbA1 c was measured by ion exchange chromatography. The reference values in nondiabetic individuals were 3.9-5.3 % (19-34 mmol/mol). Insulin was measured by radioimmunoassay in mIU/l [15] .
Measurements of fasting blood glucose and high-density lipoprotein (HDL) were performed in MDCS-CC on fresh blood samples according to standard procedures at the Department of Clinical Chemistry, University Hospital Malmö. Low-density lipoprotein cholesterol (LDL) concentration was calculated according to Friedewald's formula.
High-sensitive CRP in plasma was analyzed using the Tina-quant Ò CRP latex assay (Roche Diagnostics, Basel, Switzerland). Plasma levels of ceruloplasmin, orosomucoid, haptoglobin, and alpha-1-antitrypsin were analyzed using Cobas c-systems (Roche Diagnostics GmbH, Germany). The reference values were 0.15-0.30 g/l for men and 0.16-0.45 g/l for women for ceruloplasmin [19] . For alpha-1-antitrypsin, the reference value was 0.9-2.0 g/l [19] . The reference value for orosomucoid was 0.5-1.2 g/l [19] . Finally, the reference value for haptoglobin was 0.3-2.0 g/l (www.roche.com) [19] .
Follow-up and endpoint definition
All participants in the study were followed from the baseline examination until first diagnosis of diabetes, emigration from Sweden, death or December 31, 2009, whichever came first. New onset cases of diabetes in the cohort were gathered from different sources which have been described in detail previously [20] . To summarize, incident diabetes was identified by using the Malmö HbA1c register (MHR), the Swedish National Diabetes Register (NDR), the Swedish inpatient register, the Swedish outpatient register, the nationwide Swedish drug prescription register, and the regional Diabetes 2000 register of the Skåne region [20, 21] . The cases in the Diabetes 2000 register and NDR were based upon diagnosis by a physician according to recognized diagnostic criteria (fasting plasma glucose concentration of C7.0 mmol/l, measured on two different occasions) [18] .
Statistical analysis
CRP was log transformed due to the skewed distribution. The distribution for ceruloplasmin, haptoglobin, alpha-1-antitrypsin, and orosomucoid was approximately normal. Mean values (±standard deviations) and proportions were used to describe the baseline characteristics of the cohort for men and women. The acute-phase proteins were categorized into sex-specific quartiles, i.e., with equal proportion of men and women in each quartile. Linear regression was used to assess the association between acute-phase proteins and fasting blood glucose. Cox proportional hazard regression was used to compare the incidence of diabetes in different quartiles of individual proteins for the whole cohort. Hazard ratios (HRs) with 95 % confidence interval (CI) were calculated. The significance level was defined as a p value of less than 0.05.
The HRs were adjusted for potential confounders in all the models. In the first model (Model 1), adjustments were made for age and sex. The second model (Model 2) was further adjusted for waist circumference, smoking habits (current and occasional smokers), physical activity, use of anti-hypertensive medication, systolic BP, HDL, and educational level. Finally, additional adjustments were done for baseline fasting blood glucose in Model 3 to demonstrate whether the associations were cross-sectional or prospective. Possible interactions between the plasma proteins and other risk factors for diabetes were investigated by introducing interaction terms in the multivariable model. The fit of the proportional hazards model was confirmed by plotting the incidence rate over time. The Kaplan-Meier curve was used to illustrate diabetes-free survival in relation to orosomucoid, haptoglobin, and CRP in sex-specific quartiles (Figs. 1, 2, 3 ).
Possible effect modification was assessed by modeling interaction terms between the acute-phase proteins and age, sex, and waist circumference, in the adjusted (Model 2) Cox's proportional hazards models. All analyses were performed using IBM SPSS version 22 0 (SPSS Inc., Chicago, IL, USA).
Ethical approval was obtained from the Lund University Ethics Review Committee (LU51/90). All participants gave written informed consent. 
Results
Baseline characteristics
The baseline characteristics of the study population in relation to sex have been presented in Table 1 . Men and women were rather similar in terms of baseline characteristics. Men had slightly higher levels of glucose, waist circumference, and higher blood pressure and used more anti-hypertensive medications. Women had higher ceruloplasmin levels than men.
Correlations between acute-phase proteins and glucose
Ceruloplasmin, orosomucoid, haptoglobin, and CRP showed significant and positive correlations with fasting glucose, after adjustment for age and sex as shown in Table 2 . This association remained statistically significant for orosomucoid and haptoglobin after further adjustment for the other covariates.
Incidence of diabetes in relation to acute-phase proteins
The mean follow-up period was 15.6 ± 3.4 years. A total of 390 participants (181 men and 209 women) were diagnosed with diabetes during the follow-up period. The incidence of diabetes was 7.19 per 1000 person-years in men and 5.09 per 1000 person-years in women.
Of the five acute-phase proteins, subjects in the fourth compared to the first quartile of orosomucoid, haptoglobin and CRP, respectively, had significantly higher risk of incidence of diabetes in the first model ( There was a significant interaction between orosomucoid and waist (p = 0.009) when checked for effect modification, indicating a lower effect of orosomucoid in subjects with high waist circumference. No significant interaction was observed between the other acute-phase proteins, and age, sex, and waist in the adjusted model (Model 2).
Discussion
Low-grade inflammation has been associated with the incidence of diabetes [4] [5] [6] [7] [8] [9] [10] . However, the results from previous studies have been inconsistent and different for different inflammatory markers. The present study revealed significant associations between the acute-phase proteins orosomucoid, haptoglobin, and CRP and increased incidence of diabetes when adjusted for several potential confounders. However, after additional adjustment for fasting glucose, only CRP remained significantly associated with incident diabetes.
The results are in accordance with a study from the Malmö Preventive Project, which reported nonsignificant relationships for ceruloplasmin, alpha-1-antitrypsin, haptoglobin and orosomucoid and incident diabetes after adjustments for fasting glucose and other risk factors [22] . The association of orosomucoid seen in our study is in contrast to the findings of Schmidt et al. [11] , who found an association between orosomucoid and diabetes after adjustment for several potential confounders including glucose. Similar to our study, no relation was found for alpha-1-antitrypsin and haptoglobin with diabetes. However, we found cross-sectional significant correlations between glucose and haptoglobin and orosomucoid, respectively. This is in accordance with findings from a case-control study by McMillan, which showed increased levels of haptoglobin, orosomucoid, and CRP in association with diabetes and glucose intolerance [6] . Ceruloplasmin and alpha-1-antitrypsin were less markedly raised in participants with diabetes [6] .
Many studies have shown association between CRP and type 2 diabetes [6] . A prospective analysis and metaanalysis conducted by Lee et al. [23] showed that there is evidence of association between CRP and incidence of diabetes. However, these results were explained by central adiposity and markers of liver dysfunction. The metaanalysis demonstrated an overall relationship between CRP and diabetes, but there was a substantial heterogeneity in the results between studies, which reduced the degree of evidence in the meta-analysis [23] . A retrospective study conducted in a Japanese health screening population, where obesity was not prevalent, showed that hs-CRP, but not WBC, was independently associated with incident diabetes [24] . In the present population-based study, the results were controlled for confounders including waist circumference and baseline glucose levels and showed significant association in results.
It is widely accepted that systemic low-grade inflammation is associated with diabetes. However, inflammation is a heterogeneous concept, and the association between different inflammatory markers is often moderate. Interleukin (IL)-6, IL-1beta, and tumor necrosis factor-alpha (TNF-a) are important regulators of the hepatic production of acute-phase proteins [25, 26] , but the regulation of the acute-phase protein production is very complex. Different cytokines operate in a network which results in additive, inhibitory, or synergistic regulatory effects of the production of different acute-phase proteins, depending on presence or absence of other cytokines and transcription factors, such as STAT3 or NF-jB [25] . Previous studies regarding the association between inflammation and incidence of diabetes have reported varying results for different inflammatory markers [5] [6] [7] [8] [9] . The varying relationships with incidence of diabetes could hypothetically be explained by differences with respect to the cytokines and transcription factors that regulate their production.
Dandona et al. [27] suggested two possible mechanisms involved in the pathogenesis of inflammation, and its link to obesity and diabetes. They proposed that firstly, chronic over-nutrition (causing obesity) can lead to a state of oxidative stress and hence inflammatory changes. Secondly, increased concentration of the pro-inflammatory cytokines such as TNF-a and IL-6 associated with obesity and diabetes might impair insulin action by suppressing insulin signal transduction [27] . The link between pro-inflammatory cytokines and insulin action was demonstrated by Hotamisligil et al., who showed increased expression of TNF-a in adipose tissue of obese rodents. A significantly increased peripheral uptake of glucose was observed in response to insulin when TNF-a was neutralized in obese fa/fa rats [28] . It was further demonstrated that TNF-a induces insulin resistance though an inhibitory form of insulin receptor substrate 1 [29] . Dandona et al. [30] established the association of higher serum TNF-a concentrations with obesity and significant fall in the levels with weight loss. In addition, it has been shown that a single high-fat high-calorie meal results in inflammation with increased expression of NFkB and many pro-inflammatory cytokines, including TNF-a [31, 32] which suggests that dietary factors could be a common link between inflammation and diabetes. Many studies have shown associations between obesity, acute-phase proteins and diabetes [33, 34] . It can be argued that the link between inflammation and diabetes can be explained by the presence of obesity and adipose tissue which itself is a source of low-grade inflammation. However, this study has taken this fact into consideration, and the analysis has been adjusted for waist circumference. As the association is still significant, it can be speculated that there is a potential mechanism directly relating diabetes and inflammation. It should, however, be considered that previously it had been demonstrated that the association between CRP and diabetes is more likely to be non-casual, shown in the study by Brunner et al. [35] . Mendelian randomization was used in the study to demonstrate that the risk of developing diabetes was not associated with CRP levels in the European population. However, Brunner et al. [35] did not rule out the fact that acute-phase proteins early in the inflammatory process might be related to the development of diabetes.
Strengths and limitations
The data used for this study is derived from a large-scale population-based cohort with a participation rate of 41 % [14] . The low participation rate stresses the importance to highlight the differences between the participants and nonparticipants in order to assess the external validity of the findings. Non-participants showed higher mortality than participants during and after the recruitment period, as well as during the follow-up. The participants in the MDCS were also compared to participants who took part in a mailed health survey (participation rate 75 %) in the same population. The participants of the cohort study showed comparatively better health but were still representative of the population in terms of socioeconomic structure, smoking habits, and obesity [14] .
One advantage of the prospective design is that it enables the collection of information on exposure variables before onset of disease, which decreases potential recall bias and risk of reverse causation. The large sample size and long follow-up period enable detection of a large number of endpoint cases. Moreover, information about endpoints for this study was retrieved from various national registers and several data sources as mentioned earlier and has high validity [36] . Although multiple sources were used to ensure detection of all endpoint cases, it should be taken into account that diabetes can go undetected for a long time, and participants who did not seek medical attention might have been missed.
Some methodological issues need to be considered. Since this is an observational study, confounding is a main concern. Adequate adjustment for probable confounders was carried out in the Cox regression models. Although the analysis was adjusted for several possible confounders, the possibility of residual confounding cannot be ruled out.
Another limitation of the study is that the plasma levels of the acute-phase proteins were measured only at the baseline. The levels may have changed over time before the incidence of the disease. Similarly, anthropometric measurements were also carried out during the baseline visits and might have changed over the study period. One more limitation of this study is regarding the information on the type of diabetes. As the study cohort consists of middle-aged subjects, it can be assumed that almost all cases developed type 2 diabetes, as type 1 diabetes most often manifests at a younger age, and therefore were excluded as prevalent diabetes at baseline [37] . Another point to consider is that the cohort included participants being residents of Malmö, Sweden, only. However, based on previous reports by McMillan [6] , Schmidt et al. [11] , and Lee [23] , it seems likely that the results can be generalized to other populations as well.
Conclusion
In conclusion, this study demonstrated that there are associations between orosomucoid, haptoglobin, and CRP and the risk of incident diabetes. However, after additional adjustment for glucose, the association stayed significant for CRP. Further research in this regard is required to elucidate the underlying mechanism. appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made.
